The influence of dispersoids on the softening processes in twin-roll cast and cold-rolled Al -Fe -Mn -Si aluminium alloy was studied. Before rolling, the specimens were thermo-mechanically pre-treated in order to create a different second-phase dispersion. The influence of the initial microstructure was studied by means of electrical resistivity, light and electron microscopy. The evolution of softening was monitored by microhardness measurements. The depletion of the Al matrix from solutes connected with formation of a dense dispersion of precipitates results in the enhancement of (sub)grain-boundary mobility. As a consequence, full recrystallization occurs at lower temperatures in preannealed specimens with low solute concentrations. The presence of coarser precipitates formed during the pretreatment results in the formation of a fine-grained microstructure.
Introduction
Fins in automotive heat exchangers are often manufactured from EN AW-3003 foils. The foils are usually prepared from ingot cast plates. Nevertheless, the use of continuous twin-roll casting (TRC) instead of ingot casting substantially reduces energy and work consumption, thus resulting in lower foil costs. Recrystallization and significant grain coarsening can occur in the fins during brazing resulting in deterioration of fin strength. Grain coarsening can be prevented in alloys of suitable composition by appropriate thermo-mechanical processing. Precipitates of suitable size and spacing formed during processing can pin grain boundaries and thus hinder grain coarsening [1] . Higher solute concentrations can also enhance the lattice friction strength and contribute to better sagging resistance at high temperatures and higher strength after brazing. Nevertheless, the precipitation of coarse Mn-and Si-containing particles significantly reduces this concentration and may negate the favourable pinning effect of precipitates. The behaviour of direct-chill (DC) cast alloys has been thoroughly studied [1 -3] but the microstructure and phase composition of DC cast alloys show significant differences from TRC ones. The TRC materials are characterized by considerably smaller grain size after casting, finer dispersion of primary phases and substantially higher solid-solution supersaturation [4 -6] . Therefore, the technological processes known for DC-cast materials cannot be directly applied.
It is well known that heat treatment of sheets of intermediate thickness has a significant effect on the microstructure, which controls the material behaviour in the final thickness. In order to obey requirements on the mechanical and physical properties of thin foils before, during and after brazing, all steps during the down-stream process must be exactly customized. The aim of the present investigation is to find the relationship between softening processes and phase composition of a modified EN AW-3003 TRC sheet during treatment at intermediate thickness.
Experimental
A TRC alloy with a composition of the main alloying elements (in wt.%): 0.9Mn, 0.53Fe and 0.50Si, was used in the present study. The alloy was twin-roll cast in strips of 8.5 mm in thickness and cold-rolled to a thickness of 5.4 mm. Three types of specimens were prepared at this thickness before the final cold-rolling to 0.4 mm. The specimens referred to as S04 were cold-rolled to 0.4 mm without any heat treatment. The specimens S40 and S60 were annealed for 18 h at 450 8C and 610 8C, respectively. The annealing at 0.4 mm thickness was carried out using a step by step isochronal heating program with steps of 20 K for 20 min in the temperature range from room temperature up to 620 8C. Solid-solution decomposition was monitored by measurements of the specimen electrical resistivity q in liquid nitrogen. The DC four-point measuring method with a dummy specimen in series was used. The softening response curves of the material were obtained by measuring the Vickers hardness HV1. Light microscopy was used for observation of deformed and recrystallized structures. The substructure of deformed and annealed specimens, the particles of primary phases, and the precipitates formed during annealing were studied by transmission electron microscopy (TEM). Observations were carried out at 200 kV using a JEOL JEM 2000 FX microscope equipped with an X-ray energy dispersive spectrometer (EDX) LINK AN 10 000.
Experimental results
The electrical resistivity q of aluminium alloys is very sensitive to the concentration of solute atoms in the matrix and provides integral information about solute redistribution during annealing. The value of q generally decreases when precipitation of new phases occurs, while it significantly increases during particle dissolution resulting in enrichment of the solid solution [7] . The negative normalised differential curves -(dq/dT)/q 0 , referred to as resistivity annealing spectra, were calculated and plotted in Fig. 1 (q 0 stands for q in the initial state, i. e., after the final rolling). All annealing spectra exhibit several local extremes. In general, a peak of -(dq/dT)/q 0 reflects the temperature range of the most intensive precipitation while a local minimum represents the reverse process. Only moderate alterations of q occur in all studied specimens below 200 8C. Two welldefined peaks are observed in the annealing spectrum of S04 specimen above this temperature. In the materials S40 and S60 these two peaks are considerably suppressed, especially the second one situated near 400 8C. At higher annealing temperatures only the presence of two local minima is detected and they are more distinct in the pre-annealed specimen S40.
Plots of Vickers hardness HV1 as a function of annealing temperature are shown in Fig. 2 . The specimen S04 exhibits higher values than the two other specimens, which may be attributed to a higher amount of stored energy caused by the lack of intermediate annealing and the higher solute concentration. Similarly to the evolution of q, considerable changes in microhardness occur at temperatures above 200 8C. In the specimens with intermediate annealing, the drop of HV1 finishes at 340 8C, while the end of the decrease is shifted by 100 K to higher temperatures in the non-treated S04 specimen. At temperatures above 440 8C, a constant hardness was measured in the S04 specimen, while a small HV1 increase was detected in both pre-annealed specimens S40 and S60.
Light microscopy observations confirmed the occurrence of heavily deformed and flat grains in all materials (Fig. 3a) . The deformed structure (see Fig. 3a ) persists in specimens S40 and S60 only up to 340 8C. At 340 8C, it is replaced by new elongated recrystallized grains. The grain size is about 100 lm in the S60 specimen and is significantly larger by several hundreds of micrometers in the S40 one (Fig. 3b, c) . The recrystallization is shifted to higher temperatures in the S04 specimen. A fully recrystallized structure with grains similar to the ones observed in the S40 material was first observed after annealing up to 440 8C. No significant grain growth was observed in all specimens at higher temperatures.
TEM investigations of the S40 specimen revealed the presence of coarse precipitates of the cubic a-Al 15 (Mn, Fe) 3 Si 2 phase [7, 8] , densely distributed within its whole volume. The volume fraction and size (approximately 100 -150 nm) (Fig. 4a) of the precipitates are stable up to 440 8C. Above this temperature, partial coarsening of the precipitates accompanied by a significant reduction of their volume fraction is observed. A much lower density in coarser precipitates of the cubic a-phase was formed in the S60 specimen (size *300 -400 nm). Size and density of the precipitates are constant at low and intermediate temperatures (Fig. 4b) and change only slightly during annealing to higher temperatures. No precipitates were observed by TEM in the S04 specimen annealed up to 200 8C (Fig. 4c) . Precipitates form during annealing in the temperature range between 200 and 440 8C (Fig. 4d) . Annealing at higher temperatures results in precipitate coarsening: from a size of about 50 nm at 340 8C up to 100 nm at 610 8C. In agreement with light microscopy observations, only a partially recovered structure was observed in S40 and S60 specimens below 200 8C. At 340 8C, the recovered structure is replaced by new recrystallized grains. In the S04 specimen the same process of transformation is shifted by 100 K towards higher temperatures. Int. J. 
Discussion
In accordance with recent investigations [4] our microstructure observations indicate that in the S04 material the pretreatment applied produces a highly deformed structure containing only coarse constituent particles of the primary phases. On the other hand, an additional dense dispersion of fine precipitates (cubic a-Al 15 (Mn, Fe) 3 Si 2 ) is present in the S40 sheet due to the annealing at 450 8C used in that case. The same dispersoid particles were also present in the S60 specimen, however they were coarser and their volume fraction was much lower than in the S40 specimen. The pre-treatment has a significant impact on the behaviour of the material during the applied annealing. TEM observations indicate that the moderate changes of resistivity and microhardness at temperatures below 200 8C are caused by the partial recovery of the dislocation substructure (see Fig. 4c ) and local redistribution of solutes (most probably Si) originally trapped at dislocations. The processes occurring in the specimens at higher temperatures may be divided into two groups. Those of the first group are closely related to further recovery of dislocation substructure and recrystallization. They have a major impact on mechanical properties and are responsible for the pronounced drop in microhardness. Those of the second group are connected with the long-range redistribution of alloying elements (mainly Mn and Si) and are responsible for the observed resistivity changes. Therefore, the peaks in the resistivity spectrum of S04 specimen between 200 and 440 8C are associated with the massive precipitation of a-phase. In the two other specimens these changes are less pronounced because only a slight coarsening of already existing precipitates driven by the residual concentration of solutes in the matrix occurs. Above 440 8C, the presence of minima in the resistivity spectra for all specimens reflects the restoration of solid solution connected with partial dissolution of precipitates. This effect is, of course, stronger in the S40 and S60 specimens that contain a larger amount of a-phase precipitates. Such an enormous enrichment of the solid-solution has, of course, a direct influence on the solid solution hardening indicated by the moderate increase of the microhardness of S40 and S60 specimens above 500 8C.
Because of the higher stored energy [1] , the softening due to recovery is more distinct in the S04 specimen as compared to the pre-annealed specimens. The higher solid solution supersaturation, the dispersion of finer precipitates and finally, the lack of recrystallization nucleation centres near coarse precipitates, seem to have a positive influence on the shift of recrystallization to higher temperatures. The finer recrystallized grains observed in the S60 specimen confirm that the coarse randomly distributed precipitates serve as nucleation centres and pin migrating grain boundaries which controls the final grain size.
Conclusions
The role of the thermal pre-treatment applied at an intermediate thickness on the recrystallization of thin TRC EN AW-3003 aluminium sheets, was studied. The depletion of solid solution has a significant impact on the softening processes and shifts the recrystallization of the material by 100 K to lower temperatures. Finer recrystallized grains are observed in the material containing coarse precipitates of a-phase. The redistribution of solutes during annealing that was sensitively monitored by resistivity measurements has only a minor direct influence on the strength of the material. 
